In the present study, experimental and numerical analyses were adopted to clarify key reactive species for methanol decomposition processes using a nonthermal plasma flow. The nonthermal plasma flow was generated by a dielectric barrier discharge (DBD) as a radical production source. The experimental methods were as follows. Working gas was air of 1 -10 Sl/min. The peak-to-peak applied voltage was 16 -20 kV with sine wave of 1 Hz -7 kHz. The characteristics of gas velocity, gas temperature, ozone concentration and methanol decomposition efficiency were measured. Those characteristics were also numerically analyzed using conservation equations of mass, chemical component, 
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Introduction
Air pollution by flue gas, exhaust gas and volatile organic compounds (VOCs) has been caused acid rain, global warming and indoor pollutants (1) . VOCs emitted from new construction material, wall paint and wallpaper and carpet adhesives are regarded as one of causes of sick building and sick house syndromes, which has become a serious social problem (2) . Therefore, development of a decomposition method for VOCs has been strongly expected in order to improve indoor environment.
Corona discharge, dielectric barrier discharge (DBD) and surface discharge are known as production methods of the nonthermal plasma. Nonthermal plasma generated by high voltage discharge at atmospheric pressure has been recently utilized for environmental applications such as ozone generation for sterilization, fossil fuel conversion and decomposition of VOCs, NOx and SOx (3) - (10) . Deodorization system and air cleaner for indoor environment have been already commercialized (11) - (15) . Especially, decomposition of low concentration VOCs using nonthermal plasma flow has been paid attention as a mean of suppressing such syndrome, because it provides high chemical reactivity and a proper decomposition process even for low concentration VOCs. It has also advantages in reducing the energy input required removing the VOCs.
However, the plasma decomposition systems have not been commercialized yet so much because unknown processes are occurred in its complex chemical reactions, although its discharge processes (15) - (18) and the gas flow effect on the breakdown voltage (19) have been investigated. Therefore, the methanol, which provides enough chemical reactions among reactive species, is adopted as one of VOCs in the present study. The objective of the present study is to clarify the methanol decomposition characteristics and processes using both experimental and numerical methods (20) . This method is very effective to clarify key chemical factors for the methanol decomposition. Because the reactive species and by-products generated in the reactive flow field include not only nitrogen oxide but also carbon oxide which means very complex. We focused on the methanol decomposition efficiency which can be measured experimentally and effects of reactive species such as OH and O on the decomposition efficiency which can be analyzed numerically. Electronics Inc., FS-2201), an amplifier (NF Corporation, HVA4321), DBD reactor, a gas supply system and a measurement system. In this study, the DBD was adopted as a radical production source, which is one of the typical nonthermal plasma at atmospheric pressure. The DBD generates plasma between two flat-plate electrodes of which upper one is covered with quartz glass, when high voltage is applied on the electrodes. The gap length between electrodes is 4 mm at atmospheric pressure. Operating gas is dry air which is injected at a rate of 1 -10 Sl/min. Here, Sl/min denotes liters/minute at the standard condition (0 • C and 1 atm). Applied voltage of 16 -20 kVpp is positive or negative with a sine wave of 1 -7 kHz. The gas velocity, gas temperature, ozone and VOCs concentrations are respectively measured by a hot-wire anemometer (KANOMAX JAPAN Inc., Model 1008, 1010, 1013), an E-type thermocouple, an ultraviolet lay absorption method sensor (SEKIELECTRONIC Co., Ltd., SOZ-3500) and an electrochemical sensor (Dräger, Multiwarn). The discharge voltage and current can be monitored by an oscilloscope of 500 MS/s (IWATSU TEST INSTRUMENTS Corporation, DS-8814). Spectrum analysis is performed by an intensified optical multi-channel analyzer (Otsuka Electronics Co., Ltd., MCPD-7000) for 330 -1 100 nm and a monochrometer (Koken Kogyo Co., Ltd., SG-110) for 200 -700 nm. The resolutions of these spectrum analyses are 0.5 nm for wavelength. Figure 2 shows the detail configuration of the DBD. The electrode of 40 mm in diameter is set around the outlet tube to reduce the electrode area and to pass all gas through the discharge region. The gap of the flow channel between quartz glass and the ground electrode is 2 mm.
The methanol gas, which is regarded as VOC gas, is injected into 3 positions as shown in Fig. 3 . The first position (A) is upstream of the DBD reactor to decompose methanol gas directly in the discharge region. The methanol could be reacted with high reactive species which have very short lifetime. The second position (B) is set at 100 mm downstream of the DBD reactor. The residence time at 4 Sl/min from the discharge region to the injection position is 10 −2 seconds order which equals to the lifetime of metastable atoms. To clarify the effect of the longer lifetime of reactive species on the methanol decomposition, the third position (C) is set at 9 m downstream of the DBD reactor. The residence time at 4 Sl/min is 1 second order which is enough longer than the lifetime of metastable atoms. There may be unknown reactive species which has longer lifetime for sufficient decomposition of methanol. The methanol gas is supplied by a permeator. Figure 4 shows the waveforms of discharge voltage, current and power under the air of 4 Sl/min with 16 kVpp and 100 Hz. Here, the instantaneous power is derived simply from the product of (21) . Figure 5 shows photographs of the discharge region under the condition of the air of 4 Sl/min with 20 kVpp, (a) 200 Hz and (b) 1 kHz, respectively. The brightness of the discharge is increased when the frequency is 1 kHz, because the discharge power depends on the frequency. The discharge power for one period is generally constant, as the each spark discharge time is generally within 100 ns.
2 Experimental results and discussion 1 Discharge characteristics
The spectral analysis results of the excited atoms and molecules in the discharge region are shown in Tables 1  and 2 , respectively. The observed emission spectra imply the existence of atoms and molecules such as O I, O II, N II, N 2 , N + 2 , NO, OH (22) , (23) . These reactive species are very important to the methanol decomposition process, although they generate hazardous by-products such as ozone, NOx and so on. Figure 6 shows the decomposition efficiency against the frequency under the different injection positions (A), (B) and (C) as mentioned before. When the methanol is injected into the position (A), complete decomposition is obtained at 200 Hz. At positions of (B) and (C), complete decomposition is obtained at 700 Hz and 1 kHz, respectively. This result implies that lower energy is sufficient to decompose methanol at position (A). Furthermore, it is clarified that the reactive species, which are transported downstream, can react and decompose the methanol at positions of (B) and (C). Figure 7 shows the emission intensity of the OH radical at 311.5 nm against the frequency. To change the OH radical concentration, water vapor humidity in the operat- Table 1 Bright-line spectra of atoms of DBD Table 2 Bright-line spectra of molecules of DBD Fig. 6 Methanol decomposition efficiency against frequency under different injection locations Fig. 7 Emission intensity of OH radical at 311.5 nm against the frequency ing gas is given at 2 mg/l and 8 mg/l using water bubbling, because we focused on OH radical as a key chemical factor of the decomposition process. The emission intensity from the OH radical is decreased with increase in the humidity, because the discharge energy is consumed to dissociate H 2 O. Especially, when the frequency is less than 300 Hz, the intensity is not observed at 8 mg/l. Figure 8 shows the methanol decomposition efficiency and ozone concentration against the frequency under the different water vapor humidities at 2 mg/l and 6 mg/l. The complete decomposition is obtained at 50 Hz in the case of 2 mg/l, although it is obtained at 700 Hz in the case of 6 mg/l. This result might be caused by the decrease with the OH radical concentration. On the other hand, the ozone concentration also shows the same tendency as the decomposition efficiency. However, there is not direct chemical equation between methanol and ozone in the database (24) , (25) , although the relationship between them is obvious.
2 Decomposition characteristics

Numerical Analysis
1 Numerical methods 1. 1 Assumptions
A numerical model is based on the following assumptions: (1) electrons and ions are not considered in the reactive flow, (2) the flow is continuous, incompressible and laminar, (3) the flow, temperature and concentration fields are two-dimensionally axisymmetric, (4) gravity is negligible, (5) radiation loss and absorption are not considered (16) , and (6) the direct reaction between methanol and ozone is not considered.
1. 2 Governing equations
Under the abovementioned assumptions, the governing equations are presented as follows (14) : Continuity equation:
Momentum equation:
Energy equation:
State of equation:
Transport equation for chemical species, i:
Here, J i and ω i are defined as follows:
Here, the k k is reaction rate defined as
The detailed reaction mechanism used in this model consists of 108 elementary reactions and 41 chemical species. Reaction flow analysis is performed in order to identify the specific reaction paths and the rate-limiting reactions for typical operating conditions of the DBD reactor. Inlet conditions of gas velocity, gas temperature are given by experimental results. The ozone concentration of 100 ppmv is given by using representative experimental result. The main chemical reactions are shown in the Table 3 (24), (25) . The reaction pathways adopted in this study for the methanol Table 3 Main chemical reactions Fig. 9 Plausible reaction pathways for methanol decomposition in air decomposition is shown in Fig. 9 3 and the HCO are converted to the CO and finally the CO is converted to CO 2 . In these reaction pathways, a direct reaction with the ozone can not be considered due to the lack of data. However, the ozone has surely indirect contributions for these pathways by generating OH and HO 2 . Thus, effects of high reactive species such as O and OH are numerically analyzed.
1. 3 Computational domain and boundary conditions
The computational domain is a cylindrical geometry of 10 mm length and 2 mm radius. It is located downstream of the DBD reactor, which is same as position (B), as shown in Fig. 3 . The methanol injection location is assumed in front of the inlet of the computational domain. The boundary conditions are given as follows:
1. 4 Computational conditions
The u exp in the inlet conditions is given experimentally by using the radial distribution of axial gas velocity as shown in Fig. 10 . Table 4 shows computational conditions. Inlet temperature and ambient temperature are given by using experimental data. Compositions of the chemical species are given at the inlet of the reactor (26) . The velocity, temperature and concentration fields are simulated by using CFD-ACE+ code (CFD Research Co., Alabama, USA) which employs the SIMPLEC method (27) , (28) . The units of ppmv and ppmw in the table denote volume ppm and weight ppm, respectively. Figure 11 shows the distributions of CH 3 OH (a) and OH (b) concentrations. The methanol concentration is de- The OH concentration also shows the same tendency as the methanol one, correspondingly. These processes might be caused by the following chemical reactions:
2 Numerical results and discussion
Methanol can be also decomposed by O radical. Figures 12 and 13 show the effect of OH and O radicals on the decomposition efficiency, respectively. When the only OH concentration is increased up to 600 ppmv at inlet under keeping the constant concentration of other chemical species, the decomposition efficiency is increased up to 50%. On the other hand, when the only O concentration is increased up to 200 ppmv, the decomposition ef- Fig. 13 Effect of O radical on methanol decomposition efficiency ficiency shows almost constant. This result implies that the decomposition process is independent of the O radical. However, even if the OH concentration is increased at inlet, full methanol decomposition is not achieved. The unconsidered chemical reaction formula or a reaction rate coefficient, and the chemistry species should be prepared for more realistic numerical analysis.
Conclusions
The experimental and numerical analyses were conducted to clarify key reactive species for the methanol decomposition processes using a nonthermal plasma flow. This study could propose a new method for analyzing other VOC decomposition processes which are very complex flow. The results obtained in this study are summarized as follows.
1. Radicals for contributing methanol decomposition, such as excited atom of O, OH, N and excited molecular of N 2 (B 3 Π g ), N 2 (A 3 Σ + u ), NO are implied to exist experimentally in the dielectric barrier discharge region.
2. When the dry air containing 2ṁg/L of water vapor is used as the carrier gas, DBD decompose the methanol completely below 50 ppm at discharge conditions of V = 16 kVpp and f = 100 Hz. The intensity of OH radiation is greater than 6 mg/L of water vapor which cause the decrease with the decomposition efficiency in this case.
3. When the rate of methanol decomposition is compared each other, the case (A) is the best, however full decomposition is obtained in the cases (B) and (C). This result implies that the unknown reactive species which has long lifetime cause to decompose methanol, experimentally. In numerical analysis, it is indicated that OH is important radical to decompose the methanol in the case (B) under the adopted chemical reaction data in this study.
